Authors stated no financial relationship to disclose.
More recently, the addition of metabolic information obtained at three-dimensional (3D) endorectal MR spectroscopic imaging to the anatomic data obtained at MR imaging has been shown to improve tumor localization, tumor staging, tumor volume estimation, and assessment of tumor aggressiveness (8 -10) . Specifically, in MR spectra acquired from regions of prostate cancer, citrate and polyamine levels are either substantially reduced or absent, whereas choline levels are elevated relative to creatine (11) .
The metabolic criteria used to identify prostate cancer have evolved from empiric observations made at nearly 4000 clinical MR imaging-MR spectroscopic imaging examinations and from data obtained at ex vivo high-resolution magicangle spinning spectroscopy of biopsy and surgical tissues that were assessed at subsequent full histopathologic analysis (12, 13) . To our knowledge, however, these metabolic criteria have not yet been systematically standardized or validated for interobserver agreement and accuracy. Therefore, this study was undertaken to investigate the accuracy and interobserver variability of a standardized evaluation system for endorectal 3D MR spectroscopic imaging of the prostate.
MATERIALS AND METHODS

Study Subjects
This was a retrospective single-institution cross-sectional study. We included all patients who underwent radical prostatectomy between January and December 1999 and had undergone MR imaging and 3D MR spectroscopic imaging of the prostate (n ϭ 37). The 37 patients were referred for MR imaging after a diagnosis of prostate cancer had been established with biopsy. Patients were recruited as part of an ongoing National Institutes of Health study to investigate the use of MR imaging in patients with prostate cancer, and they were also included in a separate study to investigate the measurement of prostate cancer tumor volume with MR imaging and MR spectroscopic imaging (10) . The University of California San Francisco Committee on Human Research approved all of the study procedures, and written informed consent was obtained from all patients.
The quality of each 3D MR spectroscopic image was rated (by J.K.) as excellent (n ϭ 10), good (n ϭ 12), fair (n ϭ 10), or poor (n ϭ 5) on the basis of signal-tonoise ratio data, magnetic field homogeneity, and the presence or absence of waterand lipid-induced baseline distortions. Specifically, an image was considered to have excellent spectral quality when the signal-to-noise ratios of all metabolites were higher than 10, all metabolic resonances were well resolved, and there were no baseline distortions due to residual water or lipid. An image was considered to have good spectral quality when the signal-to-noise ratios of all metabolites were between 8 and 10, all metabolic resonances were reasonably well resolved, and there were minimal baseline distortions due to residual water or lipid. Images with lower signal-to-noise ratios were considered to have fair spectral quality provided there was no lipid contamination. Images with substantial lipid contamination were considered to have poor spectral quality. Patients with poor or fair spectral data (n ϭ 15) were excluded, and the remaining 22 patients formed the final study group.
The mean age of the final study group was 56 years (age range, 44 -69 years). The mean serum prostate-specific antigen level was 5.9 ng/mL (range, 2.2-17.2 ng/mL), with a median value of 5.0 ng/ mL. In general, a prostate-specific antigen level of 4 ng/mL or lower is considered normal; however, more exact normal ranges account for the patient's race and age (14) . The mean Gleason score was 6.6 (score range, 5-8), with a median score of 7.0. The mean period between the MR imaging and MR spectroscopic imaging examinations and radical prostatectomy was 46 days (range, 2-160 days). None of the patients underwent preoperative hormonal or radiation therapy.
MR Imaging Techniques
MR imaging was performed by using a 1.5-T whole-body MR imaging unit (Signa; GE Medical Systems, Milwaukee, Wis). The patients were imaged while in the supine position by using a body coil for signal excitation and a pelvic phased-array coil (GE Medical Systems) combined with a balloon-covered expandable endorectal coil (Medrad, Pittsburgh, Pa) for signal reception. Transverse spin-echo T1-weighted images were obtained from the aortic bifurcation to the symphysis pubis by using the following parameters: 700/8 (repetition time msec/echo time msec), a 5-mm section thickness, a 1-mm intersection gap, a 24-cm field of view, a 256 ϫ 192 matrix, a transverse frequency direction, and one acquired signal.
Thin-section high-spatial-resolution transverse and coronal T2-weighted fast spin-echo MR images of the prostate and seminal vesicles were obtained by using the following parameters: 6000/96 (effective), an echo train length of 16, a 3-mm section thickness, no intersection gap, a 14-cm field of view, a 256 ϫ 192 matrix, an anteroposterior frequency direction (to prevent obscuration of the prostate by endorectal coil motion artifact), and three acquired signals. All MR images were routinely postprocessed to compensate for the reception profile of the endorectal and pelvic phased-array coils (15) .
After two authors (J.K. and M.G.S.) reviewed the transverse T2-weighted MR images, a spectroscopic MR imaging volume was selected to maximize coverage of the prostate while minimizing the inclusion of periprostatic fat and rectal air. Three-dimensional MR spectroscopic imaging data were acquired by using a waterand lipid-suppressed double-spin-echo point-resolved spectroscopic sequence optimized for the quantitative detection of both choline and citrate. Water and lipid suppression was achieved by using the band selective inversion with gradient dephasing technique (16) . To eliminate signals from adjacent tissues, especially periprostatic lipids and the rectal wall (17) , outer voxel saturation pulses also were used. Data sets were acquired as 16 ϫ 8 ϫ 8 phase-encoded spectral arrays (1024 voxels) by using a nominal spectral resolution of 0.24 -0.34 cm 3 , 1000/130, and a 17-minute acquisition time. The total examination time, including the time spent placing the coil and positioning the patient, was 1 hour.
MR Spectroscopic Imaging Data Processing and Analysis
Three-dimensional MR spectroscopic imaging data were processed, aligned with the corresponding MR imaging data, displayed, and analyzed by using a combination of in-house software and Interactive Display Language (Research Systems, Boulder, Colo) software tools (18) . The raw spectral data were apodized with a 1-Hz Gaussian function and Fourier transformed in the time domain and in three spatial domains. Choline, creatine, and citrate peak parameters (ie, peak area, peak height, peak location, and line width) were estimated by using an iterative procedure that was used to first identify statistically significant peaks-that is, those with a signal-to-noise ratio higher than 5-in the magnitude spectrum and then estimate a frequency shift that best aligned these peaks with the expected locations of choline, creatine, citrate, and residual water. Subsequently, the spectra were phased by using the phase of the residual water and the metabolite resonances, and baseline values were corrected by using a local nonlinear fit to the nonpeak regions of the spectra.
Areas of peak choline, creatine, and citrate levels were localized by using numeric integration over a frequency range that was determined according to the metabolite peak locations and widths (18) . In regions of healthy tissue, the peak polyamine level that resonated between the peak choline and creatine levels could not be sufficiently resolved and was incorporated into the area of the peak choline-plus-creatine (choline-creatine) level. The quantification algorithm also yielded estimates of spectral noise and the metabolite peak area-to-noise ratio (18) .
Histopathologic Identification of Benign and Malignant Spectroscopic Voxels
Radical prostatectomy specimens were coated with India ink and fixed in 10% buffered formaldehyde. Transverse step sections were obtained in 3-4-mm intervals in a plane perpendicular to the long axis of the prostate. A pathologist (K.D.J.) with 6 years of experience recorded the location of all peripheral zone tumor nodules on a standardized diagram of the prostate and recorded the maximum transverse diameter of all tumor nodules. Two radiologists (F.V.C. and A.Q., with 8 and 4 years experience, respectively) in consensus labeled the voxels on the spectroscopic grid that were considered to clearly consist of benign or malignant tissue on the basis of MR imaging and histopathologic tumor map findings. Voxels were only labeled as consisting of benign or malignant tissue when there was a clear-cut concordance between the MR imaging (consensus reading by F.V.C. and A.Q.) and histopathologic findingswith no postbiopsy hemorrhage seen on the T1-weighted MR images-and no potential for partial volume effects (ie, overlap of tumorous voxel with surrounding healthy tissue, ejaculatory zone, or central gland tissues). Allowances for differences in registration between the MR imaging and histopathologic findings were made. On the basis of this standard of reference, 387 voxels-out of a total of 1430 peripheral zone voxels in the 22 patients-were labeled as benign (n ϭ 306) or malignant (n ϭ 81).
Interpretation of 3D MR Spectroscopic Imaging Data
Two experienced spectroscopists (J.K. and M.G.S., with 13 and 4 years experience, respectively) independently reviewed the spectra of the 387 voxels that had been labeled as benign or malignant. These readers were aware that the spectra were derived from patients with biopsyproved prostate cancer and represented either benign or malignant tissue, but they were unaware of which voxels had been labeled benign or malignant and of all other clinical, histopathologic, and MR imaging findings.
The spectra were interpreted and scored on the basis of prior research findings and current understanding of prostate cancer metabolism (12,13). The citrate level is characteristically high in healthy prostatic tissue because the presence of zinc inhibits the first enzyme in the Krebs cycle (19, 20) . Citrate levels decrease with prostate cancer, but they can also be reduced owing to prostatitis or postbiopsy hemorrhage (21) . The level of choline, a cell membrane constituent, increases with prostate cancer owing to increased membrane turnover, changes in cellular density, and phosholipid metabolism (22, 23) . Polyamine levels have been shown to decrease with prostate cancer (24, 25) . The polyamine level peak occurs between the creatine and choline level peaks and cannot be entirely resolved from these peaks. However, decreased polyamine levels can be subjectively recognized as a sharper separation of the creatine and choline level peaks (12) .
The peak area choline-creatine-to-citrate ratio (CC/C) and choline-to-creatine ratio were calculated. The cholineto-creatine peak area ratio can be estimated only in cancerous regions because in healthy voxels, there is poor in vivo spectral resolution of these metabolites owing to the presence of a large polyamine resonance. Spectroscopic voxels were scored on a standardized fivepoint scale by using the following criteria:
1. A primary score of 1-5 was assigned on the basis of the mean normal CC/C (26) . The mean CC/C was determined to be 0.22 Ϯ 0.013 (standard deviation) on the basis of the results of a previously published study (26) involving the use of the MR spectroscopic imaging data acquisition and processing techniques used in the present study. A score of 1 was assigned to voxels with a CC/C 1 standard deviation from the mean normal value. A score of 2 was assigned to voxels with a CC/C more than 1 but 2 or fewer standard deviations above the mean normal value. A score of 3 was assigned to voxels with a CC/C more than 2 but 3 or fewer standard deviations above the mean normal value. A score of 4 was assigned to voxels with a CC/C more than 3 but 4 or fewer standard deviations above the mean normal value. A score of 5 was assigned to voxels with a CC/C more than 4 standard deviations above the mean normal value.
2. An initial adjustment to the primary voxel score was made to account for elevation of the choline level relative to the creatine level and for reduced polyamine levels. When the choline-to-creatine ratio was greater than or equal to 2, with a primary voxel score of 2 or 3, the overall score was increased to 4. When the choline-to-creatine ratio was less than 2 or there was no reduction in polyamine levels, with a primary score of 4 or 5, the overall score was decreased by 1-that is, to 3 or 4, respectively.
3. A final adjustment to the score was made to account for poor spectral signalto-noise ratios. Poor signal-to-noise ratio was defined as a peak area-to-noise ratio of less than 8 for voxels with a score of 3-5 and of less than 5 for voxels with a score of 1 or 2. In the presence of a poor signal-to-noise ratio, a score of 1 became 3, a score of 2 or 4 became 3, and a score of 5 became 4. A score of 3 was not changed owing to low signal-to-noise ratio criteria.
This standardized voxel-scoring system yielded a final score of 1-5 and was designed so that the following interpretative scale could be applied: Voxels with a score of 1 were considered to be likely benign; voxels with a score of 2, probably benign; voxels with a score of 3, equivocal; voxels with a score of 4, probably malignant; and voxels with a score of 5, likely malignant. In addition to using this five-point scoring system, readers were allowed to deem spectra unusable if they showed substantial lipid contamination or misalignment of metabolite resonance peaks.
Statistical Analyses
For all labeled voxels that were considered to be usable by both spectroscopists, reader-assigned scores of 1-5 were compared with the histopathologic reference- (27) . Descriptive statistical data (sensitivity, specificity, and positive and negative predictive values) were determined (by V.W.) by using two dichotomized rating systems: one with voxel scores of 1-3 indicating benignancy and a score of 4 or 5 indicating malignancy and the other with a voxel score of 1 or 2 indicating benignancy and a voxel score of 3-5 indicating malignancy. Because of the lack of independence of voxels in each patient, estimates of sensitivity and specificity were first calculated for each patient and a 2 test was used to determine the difference in sensitivity and specificity among the patients, with each patient representing a stratum. The overall statistical estimates were similar with and without patient stratification. Therefore, the final results of this analysis were based on pooled data. Receiver operating characteristic curves of true-versus false-positive proportions of malignant voxels were generated for each reader, and the areas under the curves were compared by using the method of Hanley and McNeil (28) . Figure 1 illustrates the approach that we used in this study to develop and evaluate a standardized system for analyzing data obtained at MR spectroscopic imaging of the prostate. Figure  1a shows a representative reception profile-corrected T2-weighted fast spinecho transverse MR image obtained at the middle of the prostate gland in a patient with cancer detected in the left lobe at radical prostatectomy. On the basis of knowledge gleaned from the postprostatectomy histopathologic diagram, the two radiologists in consensus selected spectroscopic voxels that were clearly in the region of the tumor (low signal intensity) in the left lobe of the prostate (right side of image) and voxels that were in a high-signal-intensity region of the contralateral normal lobe (Fig 1b) .
RESULTS
The quality of the spectral data was rated as excellent, and both spectroscopists independently scored the voxels the same way without knowledge of the MR imaging and histopathologic results (Fig  1c) . The voxels with a score of 5 (Fig 1b,  right side) , as compared with the voxels with a score of 1 or 2 on the contralateral side, demonstrated dramatically elevated choline-to-creatine ratios and an absence of citrate and polyamines. If metabolic changes in regions of prostate cancer were always as clear as those demonstrated in Figure 1 , there would be no need for a systematic scoring system. In actual practice, however, the spectral patterns identified in patients with prostate cancer can range from clearly normal to clearly abnormal. Representative spectra that correspond to scores used in the proposed interpretative five-point standardized scoring system are shown in Figure  2 . Numbers along the axis at the bottom of Figure 2 represent frequencies, in parts per million. Each metabolite resonates at a distinct frequency.
Both spectroscopists independently determined that 380 of the 387 selected voxels were usable, and both of them judged the same seven voxels to be unusable. In Table 1 , the results of using the five-point scoring system for all 380 voxels (299 benign and 81 malignant voxels) that were considered usable by both readers are compared with the histopathologic reference-standard diagnoses of benign or malignant tissue. (23) . However, the mean CC/C in the healthy peripheral zone will most likely change according to the specific MR spectroscopic imaging acquisition and processing protocol used.
The diagnoses of benign or malignant tissue assigned to voxels at the histopathologic reference-standard examination and by the two readers with use of both score definitions of cancer (voxel score of 3-5 and voxel score of 4 or 5) are shown in Table 2 . The readers showed substantial agreement with use of the two dichotomized scales: The value was 0.80 when cancer was defined as tissue with a voxel score of 3-5 and 0.79 when it was defined as tissue with a score of 4 or 5 ( Table 3) .
The descriptive statistical values calculated by using the two dichotomized rating schemes are shown in Table 4 . For both spectroscopists, sensitivity was Note.-Data are numbers of voxels. Numbers in parentheses are percentages based on a total of 380 voxels.
Figure 2.
Representative proton spectra acquired from a 3D MR spectroscopic imaging data set for a patient with prostate cancer demonstrate the spectral patterns associated with the standardized five-point scale used to interpret peripheral zone metabolism.
Volume 233 ⅐ Number 3 Endorectal MR Spectroscopic Imaging of Prostate ⅐ 705 moderate (69% and 64%) and specificity was high (89.3% and 84.6%) when a voxel score of 4 or 5 was used to define cancer. Sensitivity was high (90% and 93%) and specificity was moderate (73.2% and 69.2%) when a voxel score of 3-5 was used to define cancer. The majority of negative predictive values for the two readers were higher than 90% with use of either cancer definition, but the positive predictive values were only moderate (44.9%-63.6%). The areas under the receiver operating characteristic curve were 0.89 for reader 1 and 0.87 for reader 2 (Fig  3) . These values were not significantly different (P ϭ .26).
DISCUSSION
We undertook this study to investigate the accuracy and objectivity of a standardized scoring system for endorectal 3D MR spectroscopic imaging evaluation of the prostate, because this modality is increasingly being used to assist in tumor localization (9,10), staging (8) , and characterization (12) and in radiation treatment planning (29, 30) . Our study results show that the described standardized scoring system had good accuracy (74.2%-85.0%; areas under receiver operating characteristic curve, 0.87 and 0.89) and excellent interobserver agreement with use of a dichotomized scoring system in which a voxel score of 4 or 5 and voxel scores of 3-5 indicated the presence of cancer ( ϭ 0.79 and ϭ 0.80, respectively). These data illustrate the ability of two independent readers to accurately and similarly label voxels as benign or malignant with 3D MR spectroscopic imaging. Our study data indicate that specificities of 84.6% and 89.3%, as compared with a previously reported specificity of approximately 75% (9), were achieved when a voxel score of 4 or 5 was used to identify cancer. The higher specificity in our study most likely reflects our incorporation of additional criteria, such as the choline-to-creatine ratio and the presence or absence of polyamines, into the current standardized evaluation system, as well as the fact that only good or excellent spectra were selected for interpretation.
Sensitivity ranged from 64% to 93% (Table 2) , depending on the reader and the cancer dichotomization scheme used. As anticipated, the less stringent dichotomization of cancer versus healthy tissue based on a voxel score of 3-5 resulted in higher sensitivity and lower specificity (ie, increased false-positive cases), whereas the dichotomization based on a score of 4 or 5 resulted in higher specificity and lower sensitivity (ie, increased false-negative cases). Because the use of MR imaging alone results in high sensitivity and moderate specificity (9), the dichotomization scheme based on a score of 4 or 5 is more appropriate when MR imaging is used in conjunction with 3D MR spectroscopic imaging.
Our study had a number of limitations. First, the analysis methods used may have reflected a best-case scenario, because only clearly benign and clearly malignant voxels were presented to the spectroscopic readers for analysis, and all of the voxels were selected from images of good or excellent spectral quality. However, as MR imaging technology continues to improve and with the emergence of clinical 3-T imaging units, we expect the quality of MR spectroscopic imaging to surpass that of current standards. Another confounding factor that may have lowered the positive predictive values reported in this study was the relatively small proportion of malignant voxels, which probably reflected the overall small volume of disease in these surgically treated patients.
With a software package for prostate spectroscopic imaging now being commercially available and a multi-institutional study of endorectal prostate MR imaging combined with MR spectroscopic imaging having been recently launched by the American College of Radiology Imaging Network, additional research is needed to further refine and validate the current evaluation system for use in spectroscopic analysis. Specifically, future studies need to be conducted to evaluate the described scoring system combined with T2-weighted MR imaging and with all spectra-regardless of their quality-incorporated so that daily clinical practice can be better replicated.
In addition, future studies will need to address how strictly the presented quantitative rules for using this standardized scoring system need to be adhered to and whether a more qualitative assessment based on pattern recognition will yield equal or better accuracy. The future use of in vitro examinations performed with high-resolution magic-angle spectroscopy of ex vivo prostate tissue samples should lead to an increase in the number of metabolic markers used to identify prostate cancer and thereby to improved overall accuracy of cancer diagnosis and characterization.
In conclusion, the good accuracy and interobserver agreement achieved by using the described standardized five-point scale for interpreting peripheral zone metabolism indicate the potential usefulness of this system for metabolically identifying prostate cancer. However, this study was designed for the development and evaluation of a grading system for MR spectroscopic imaging data rather than for the in vivo determination of the accuracy of the system, which has yet to be confirmed by the results of prospective trials, such as the ongoing American College of Radiology Imaging Network Study. 
